Abstract
Introduction
Deficiencies of iron, vitamin A, and zinc have far-reaching consequences on growth, development, and health, contributing to impairments in immune competence and cognitive function, blindness, anaemia, growth failure, and increased morbidity and mortality. Such deficiencies are widespread in many developing countries and arise from inadequate intakes, impaired absorption or utilization, excessive losses, or a combination of these factors.
In most developing countries, the intake of flesh foods, which are rich sources of readily available iron, zinc, and preformed vitamin A, is small because of socioeconomic, cultural, or religious constraints. Instead, staple diets are predominantly plant-based and therefore contain high levels of polyphenols, dietary fibre, and phytate, components known to inhibit the absorption of non-haem iron and zinc. The bioavailability of β-carotene in dark-green leafy vegetables, a major source of provitamin A in many plant-based diets, is also poor. As a result, the content and bioavailability of iron, zinc, and vitamin A in rural diets in developing countries is often low. In addition, the fat content of the diet is often low, further compromising the absorption and transport of provitamin A carotenoids. Interactions among these co-existing micronutrients (e.g., vitamin A and zinc, vitamin A and iron) may also exacerbate these deficiency states.
Clearly, an intervention strategy that is sustainable without external support and has an ability to combat multiple micronutrient deficiencies simultaneously is urgently required. Dietary diversification and modification is a strategy that meets these needs. The approach involves changes in food production practices, food selection patterns, and traditional household methods of preparing and processing indigenous foods. The overall goal is to enhance the availability, access, and utilization of foods with a high content and bioavailability of micronutrients throughout the year.
Food production strategies to improve the content and bioavailability of iron, zinc, and vitamin A in plant-based staple foods
The nutritional adequacy of iron, zinc, and vitamin A depends on their amount and bioavailability in the diet. Bioavailability can be defined as the proportion of the total micronutrient in a food or diet that is absorbed and utilized for normal physiological functions. There are several strategies that can be used at the food production level to enhance the content or bioavailability of these micronutrients in plant-based staples consumed in developing countries. These are summarized below.
Agricultural and horticultural strategies
Agricultural and horticultural strategies can have a major impact on the iron, zinc, and vitamin A intakes of population groups consuming diets in which at least 40% of their dietary energy is derived from a single staple, such as rice, maize, cassava, or sweet potatoes. The strategies include applying fertilizers to soils or foliage to enhance the zinc and iron content, respectively, of cereal grains, as carried out in certain regions of Turkey where the soil content of zinc is very low. As a result, the zinc concentrations in wheat grains (7-12 mg/kg) are well below the accepted critical levels of zinc for adequate plant nutrition [1] .
Plant breeding can also be used to produce cereal varieties with increased grain micronutrient content. In some cases this is achieved by using unavailable iron and zinc in soils or by increasing phloem translocation efficiency, a process whereby certain trace minerals (e.g., iron and zinc) are remobilized from the vegetative parts to the grain [2] . Plant breeding can also be used to increase the β-carotene content of staples such as cassava roots [3] and orange-fleshed sweet potatoes [4] , as shown in table 1. More recently, genetic engineering has been used to produce rice grains containing a significant amount of β-carotene in the endosperm as well as an increased content of iron, by using a ferritin transgene from Phaseolus vulgare [Potrykus I, Lucca P, Ye X, Al-Babili S, Hurrel R, Beyer P, personal communication, 1999].
Certain indigenous edible wild plants, such as wild fruits, nuts, seeds, and leaves, which are easily cultivated and accepted by local rural communities, can also serve as rich sources of iron, zinc, and provitamin A carotenoids [5] . These may be especially important in the rainy season in some regions. Agronomic and genetic improvements have led to the development of higher-yielding genotypes of some of these wild plants, as well as varieties that are resistant to drought or heat stress and are tolerant of poor soils. In some areas (e.g., Vietnam, the Sahel in Western Africa, Korea, Zambia, and southern Mali), an inventory of certain edible species has been compiled and some analyses of certain minerals and vitamins, including carotenoids, have been undertaken [6] [7] [8] [9] [10] . Data on the antinutrient content of these edible wild plants, however, are generally very limited or nonexistent.
Agricultural strategies to alter the content of absorption modifiers in plant-based staple foods
Strategies to alter absorption modifiers of iron and zinc in staple foods may involve increasing the content of absorption enhancers, decreasing the content of absorption inhibitors, or both. For some cereals (e.g., maize) the genetic potential exists for increasing the level of methionine in the mature kernel by plant breeding. This is important because methionine is a promoter of the absorption of zinc and non-haem iron [11] . Genetic engineering has also been used for rice to increase the resorption-enhancing effect of iron from the small intestine by using a transgenic sulphur-rich metallothionein-like protein from Oryza sativa [Potrykus I, Lucca P, Ye X, Al-Babili S, Hurrel R, Beyer P, personal communication, 1999].
Plant breeding can also be used to reduce the content of absorption inhibitors by breeding mutants of corn, barley, and rice with more than 50% reduction in levels of phytic acid phosphorus in the kernels [12] . Absorption of iron from tortillas was 49% greater from low-phytic acid "flint" maize (8.2% of iron intake) than from tortillas prepared from its parent wild-type strain (5.5% of iron intake) [13] .
Genetic engineering has also been used to introduce a transgene for a heat-stable phytase from Aspergillus fumigatus into rice. After only one hour of cooking, the phytic acid content in rice can be reduced almost completely [Potrykus I, Lucca P, Ye X, Al-Babili S, Hurrel R, Beyer P, personal communication, 1999]. Phytasetransgenic seeds in which phytase from Aspergillus niger has been packaged into the seeds have also been de- veloped [14] . This microbial phytase enzyme has two pH optima: pH 2.0 and 5.5, and hence can hydrolyse phytic acid in the gastrointestinal tract into inorganic phosphate and myoinositol.
Household strategies to increase the content of iron, zinc, and vitamin A in plant-based diets
To increase the iron, zinc, and vitamin A (as retinol) content of household diets, small-livestock production (e.g., rabbits, cavies, guinea pigs, poultry, geese, and ducks, as well as ruminants) and aquaculture can be promoted, and the consumption of meat, poultry, fish, animal and fish livers, eggs, milk, and milk products encouraged to ensure they are not sold for cash, but targeted to those household members at high risk for these micronutrient inadequacies. In some countries these foods are not consumed because of economic, religious, or cultural beliefs. Incorporating chicken or fish livers or small dried fish (as powder or whole) into plant-based diets can result in marked increases in their content and density of haem iron, zinc, and vitamin A (as retinol or retinyl esters). Dried fish has the added advantages that it does not require refrigeration and can often be consumed in countries where religious or cultural factors prevent the consumption of meat and poultry. When prepared as a fish flour, it can be used to enrich cerealbased porridges for infant and child feeding. In rural Malawian diets, for example, consumption of a fishbased relish with the afternoon and evening meal can result in increased intake and enhanced absorption of iron, zinc, vitamin A, and fat.
In Thailand beef or chicken livers are used to enrich fish chips, a popular, locally produced snack food that is prepared from a 2:1 mixture of sago flour and tapioca flour and processed by steaming to enhance vitamin A retention. One bag of fish liver chips provides 20% to 30% of the recommended daily allowance of vitamin A for pre-school children, while simultaneously providing a rich source of readily available haem iron and zinc [Tontisirin K, Winichagoon P, personal communication, 1999].
Community and home gardening projects have been promoted extensively to improve micronutrient nutriture, notably of provitamin A carotenoids, by supplying the micronutrients directly,or by increasing household income through the sale of the produce, particularly fruit [15] . In many developing countries, dark-green leafy vegetables, red or yellow fruits (mango, papaya, jackfruit, prickly pear, and cape gooseberry), fruit vegetables (tomato, pumpkin, squash, gourds, and eggplant), and some root vegetables (carrots and yellowfleshed potato) are the major sources of provitamin A, depending on the season. In countries where production of the oil palm (Elaeis guineensis) is widespread (e.g., western Africa coastal countries), the oil is a major source of readily available provitamin A as well as fat, and village-based methods are being developed to improve extraction yields for the provitamin A by 50%. Although red palm oil has been considered the richest known source of provitamin A carotenoids, recent studies suggest that the concentration of vitamin A activity in the buriti palm tree (Mauritia vinifera Mart) is tenfold greater than that of red palm oil [16] .
In many of these projects, the horticultural crops are carefully selected so that they can be cultivated throughout the year to provide a constant supply of provitamin A carotenoids. Other strategies that are used to ensure a year-round supply of carotenoids are staggering planting dates and selecting a mixture of early-, average-, and late-maturing varieties of produce, for example, mangoes. Nevertheless, there is considerable heterogeneity in the levels of provitamin A carotenoids present in such horticultural crops, which can be attributed to factors such as soil pH, amount of rainfall, seasonality, genetic diversity, stage of maturation, handling conditions, and food preparation and processing methods [17] . To be successful, recipients of these horticultural projects must receive training in production techniques. A training manual in organic agriculture for community extension workers is available [18] .
In many countries, solar drying has been advocated as a means of increasing the year-round availability of provitamin A carotenoids. Retention of carotene after solar drying ranges from 40% to 80%, depending on the product, but is higher than that with traditional drying methods. For example, the retinol equivalent (RE) for fresh cow pea leaves is 2,435 RE/100 g, compared with 2,071 RE/100 g for solar-dried leaves and 847 RE/100 g when traditional drying practices are used [19] . Traditional open-air sun-drying has additional disadvantages, such as infestation by insects, contamination from dirt, rodents, and birds, and spoilage from occasional rains. Shade-drying is recommended for certain produce (e.g., baobab leaves in Mali) because of the smaller losses of provitamin A carotenoids compared with the solar drying process.
Several community-based programmes have observed a positive association between home gardening programmes in conjunction with nutrition education and an increased intake of provitamin A carotenoids. Some [15, 20, 21] but not all [22] have also shown a clear impact on biochemical or functional indices of vitamin A status such as night-blindness; possible reasons for these discrepancies are summarized by de Pee and West [23] .
In some countries, integration of horticultural and livestock interventions with health and nutrition strategies has led to marked increases in vitamin A intake and reductions in the risk of vitamin A deficiency. For example, in Ethiopia a women-focused dairy goat-farming project was integrated with the production of vitamin A-rich foods (e.g., sweet potatoes, pumpkin, peppers, goat milk, and egg yolks) and combined with health and nutrition education lessons to improve food preparation and feeding practices [15] .
Integrated projects have the potential to enhance iron, zinc, and vitamin A nutriture simultaneously, but to date most have focused exclusively on vitamin A. An exception is a recent study in Thailand [24] that aimed to increase knowledge, change attitudes, and improve practices associated with the production and consumption of foods rich in vitamin A, iron, vitamin C, and fat, such as leafy green vegetables, ivy gourd, animal liver, eggs, poultry, and rabbits; zinc intake would also be concomitantly enhanced by these practices. Projects that address such micronutrient inadequacies simultaneously are especially noteworthy in view of the known interactions between vitamin A and zinc, and between vitamin A and iron.
Household strategies to alter the content of absorption modifiers in plant-based diets
At the household level, certain food preparation and processing methods can be promoted to reduce the level of absorption inhibitors or increase the content of absorption enhancers and thus improve the bioavailability of iron, zinc, and provitamin A carotenoids in rural diets. The methods for zinc and non-haem iron have been reviewed in detail [25, 26] . Strategies to reduce the content of inhibitors of absorption of zinc and nonhaem iron are based mainly on the diffusion of watersoluble phytate and polyphenols and the enzymatic hydrolysis of phytic acid. Mild heat treatment can be used to increase the bioavailability of carotenoids in green leafy vegetables by releasing bound carotenoids from the food matrix and binding proteins. It can also be used to induce partial degradation of phytic acid and thus enhance the absorption of non-haem iron and zinc in tubers, but probably not in cereals and legumes [27] .
Soaking can be used to reduce the phytate content of certain cereals (e.g., maize) and legumes because their phytic acid is stored in a relatively water-soluble form, such as sodium and potassium phytate [28] . For example, 65% to 90% of hexa-and pentainositol phosphate can be removed by soaking maize flour, depending on the method used. Levels of water-soluble phytate range from 10% in defatted sesame meal to 70% to 97% in California small white beans, red kidney beans, corn germ, and soya flakes. Soaking may also remove other antinutrients, such as saponins and polyphenols [29] , which are potent inhibitors of non-haem iron absorption [30] .
Enzymatic hydrolysis of phytic acid is induced by phytase enzymes, the activities of which are enhanced by soaking, germination, and fermentation. Phytase enzymes hydrolyse penta-and hexaphosphate (IP5 and IP6) to lower inositol phosphates (IP1-IP4) that do not form insoluble complexes with zinc [31, 32] . Germination increases phytase activity as a result of de novo synthesis or activation of endogenous phytase and can result in a 50% reduction in the phytic acid content of certain germinated cereals [26, 33] . During germination other antinutrients, including polyphenols and tannins, which are potent inhibitors of the absorption of non-haem iron but not of zinc, are also reduced [34] . Polyphenols are also present in beverages such as tea, coffee, and red wine [30] . Replacing tea and coffee consumed at meals with fruit juices rich in ascorbic acid can prevent the 35% to 64% reduction in nonhaem iron absorption noted when these beverages are served with meals [35] , while at the same time partially counteracting the inhibitory effect of other phenolic compounds (e.g., flavonoids and chlorogenic acid) and phytic acid. Germination has also been shown to enhance the carotene content of legumes, such as chickpeas, and cereals, such as rice, wheat, and corn [36] .
Fermentation can achieve even greater reductions in phytic acid than germination, because microbial phytases can act over a much broader pH range (2.5-5.5) than cereal phytases (4.5-5.0) [37] . Microbial phytases occur naturally on the surface of cereals and legumes or can be introduced by inoculation with a starter culture. Fermentation also has several other advantages. It can reduce the polyphenol content of certain legumes (e.g., African yam beans) to undetectable levels [38] ; it reduces the energy required for cooking and improves the safety of the final food product, because the reduced pH inhibits growth of diarrhoeal pathogens; and antimicrobial substances may also be produced. Alternatively, commercial phytase enzymes prepared from Aspergillus oryzae or A. niger may be used. These phytases facilitate phytate hydrolysis over an even longer fermentation period because they are stable over a broader range of pH (3.5-7.8) and temperature and at the physiological pH conditions of the stomach.
To date, in vivo comparisons in humans of the bioavailability of trace elements in fermented versus unfermented staple plant-based foods are limited. Increased in vitro measurements of soluble iron have been reported after fermenting porridges prepared from white sorghum and maize with a starter culture, with and without the addition of commercially prepared wheat phytase enzyme [39] (fig. 1) . Sandberg et al. [40] recently reported that iron absorption was higher in subjects fed single meals containing white wheat rolls supplemented with phytase-deactivated wheat bran and with added microbial phytase from A. niger than in subjects given the same meal with no added microbial phytase (26.1% vs. 14.3%).
Combinations of soaking and thermal processing, or soaking and fermentation as practiced in Malawi in the preparation of refined maize flour (white ufa flour), can result in further reductions in the phytic acid content and the phytate:zinc molar ratios.
For cereals in which phytic acid is localized in the outer aleurone layer (rice, sorghum, and wheat) or in the germ (maize), milling can be used to reduce their phytic acid content [41] . Removal of the testes in legumes does not remove their phytic acid content, because it is distributed within the cotyledons [26] . Some home-based milling procedures used in Latin America apparently increase the iron and zinc content of cereals while simultaneously reducing the phytic acid content [42] .
The bioavailability of non-haem iron and zinc in household diets can also be improved by the incorporation of certain absorption enhancers, such as animal muscle proteins (meat, poultry, and fish) [43] and organic acids such as citric, malic, lactic, and tartaric acid [44] . Their enhancing effects have been attributed in part to the formation of soluble iron and zinc complexes. The relative enhancing effect of animal muscle proteins on non-haem iron absorption varies. Beef apparently has the highest effect (220%); lamb, pork, liver, and chicken have effects of about 140%; and fish has an effect of about 75% [45, 46] . No comparable data exist for zinc. Inclusion of even a small amount of flesh foods in a meal is likely to increase its fat content and hence facilitate absorption of provitamin A carotenoids and vitamin A by stimulating bile secretion, mixedmicelle formation, and chylomicron formation. Without sufficient fat, the absorption of carotenoids and vitamin A is limited [47] .
Ascorbic acid is the most effective enhancer of nonhaem iron absorption, provided it is consumed at the same meal as non-haem iron. It can counteract the negative effect of polyphenols or phytic acid on non-haem iron absorption, but it has no effect on zinc absorption. Ascorbic acid promotes non-haem iron absorption by reducing ferric iron to the ferrous state, which is more soluble at the pH present in the duodenum and small intestine (> 3) [48, 49] . Rich sources of ascorbic acid are citrus fruits, guava, carambola, capsicum, white potatoes, and strawberries.
Applying dietary strategies to improve iron, zinc, and vitamin A nutriture in developing countries
Dietary modification and diversification represents a sustainable, economically feasible, equitable, and culturally acceptable strategy that can be used to alleviate several micronutrient deficiencies simultaneously without risk of antagonistic interactions. The strategies are community based and can be used to enhance awareness of micronutrient malnutrition in the community and help to empower people to be more self-reliant.
To implement these dietary strategies effectively, knowledge of local dietary patterns, the availability and cost of foods, and food beliefs, preferences, and taboos is required, as well as the ability to change attitudes and practices. To be effective, the dietary strategies must be practical, culturally acceptable, economically feasible, and sustainable to the target group. They must not increase the cost or the preparation and cooking time, and hence the workload, of the caregivers, or include substantial changes in the types and quantities of food items commonly consumed. Instead, they should be based on existing food consumption patterns, and be adapted from local food processing procedures and recipes.
Assessing food intakes and indigenous methods of preparing and processing foods
The first step in the implementation process involves carrying out a cross-sectional dietary survey to obtain quantitative data on intakes of foods, nutrients, and antinutrients, as well as food processing and preparation methods used in the region, preferably at two seasons of the year to provide information on intake in the food-plenty and food-shortage seasons. To assess intakes of iron and zinc, the food intake data can be collected by three-day weighed food records or modified interactive 24-hour recalls [50] . For vitamin A intake, culture-specific food-frequency questionnaires can be used [51, 52] , sometimes with seasonal calendars of food items derived from market and garden surveys.
To gain an understanding of the attitudes and practices about local food habits at this stage, focus groups, in-depth interviews in the household, and observations through participation and systematic observation of food preparation and processing practices should be used. Information on knowledge, attitudes, and selfreported practices (KAP) and behaviours can also be Iron (mg/100 g)
Dietary strategies to combat deficiencies of iron, zinc, and vitamin A collected by pre-tested questionnaires covering factors that may influence the consumption of foods rich in iron, zinc, and vitamin A, and indigenous methods of food preparation and processing that may have the potential to improve the bioavailability of these micronutrients.
Calculating nutrient and antinutrient intakes from food intake data
The next step is to convert the quantitative food intake data to nutrients and antinutrients, to determine whether the risk of micronutrient inadequacies arises from low intakes, poor bioavailability, or both in local diets, and to identify other limiting nutrients in the diet. In industrialized countries nutrient and antinutrient intakes are usually calculated from food-composition tables or nutrient databases. Unfortunately, in developing countries the nutrient and antinutrient content of local staple foods are often not available. Hence, it is preferable to collect samples of local staple food items within the country, prepare them as eaten, and analyse them for iron, zinc, and vitamin A and for the promoters and antagonists of micronutrient absorption.
The analysed values can then be used to compile a local food-composition database. A standardized sampling protocol must be used to collect the food samples for analysis; details are given elsewhere [50] . Atomic absorption spectrophotometry (AAS) is the most widely used method for trace mineral analysis in food samples. For carotenoids and retinol, reverse-phase high-performance liquid chromatography (HPLC) is the recommended method, especially for those food items with mixed carotenoid activity [17] . HPLC is also used for the analysis of the higher-and lower-inositol phosphates [53] .
In countries where food analysis is not possible, researchers may wish to purchase a food-composition database together with a software package for calculating intakes of nutrients and antinutrients. The WorldFood Dietary Assessment System [54] contains a comprehensive list of food-composition values for 53 nutrients and associated dietary components (including phytic acid and dietary fibre) for 1,800 foods consumed in Egypt, Kenya, Mexico, Senegal, India, and Indonesia, as well as a computer programme for calculating energy and nutrient intakes (including total and available iron and zinc) and risk of nutrient inadequacy. When food-composition values for provitamin A carotenoids are required, the tables compiled by West and Poortvliet [55] should be used.
Selecting strategies to improve the content and bioavailability of iron, zinc, and vitamin A in household diets
In countries such as Malawi, where unrefined, highphytate cereals such as maize are used to prepare the main unfermented cereal staple, the first step is to select a method to reduce the hexa-and pentainositol phosphate content of the cereal-based staple. The method selected should be based on local food preparation and processing methods, should not increase the cost, preparation, or cooking time, and should be culturally acceptable to the community. In rural Malawi we selected soaking as the most suitable strategy for maize flour and carried out several trials in our laboratory to establish the extent to which the hexa-and pentainositol phosphate content of the maize-based Malawian staples (nsima and porridge) could be reduced by soaking. The results are summarized in table 2. Hexa-and pentainositol phosphate analysis was carried out by HPLC using a modified method of Lehrfeld [53] .
Next, the food intake data collected, as described earlier, are used to develop menus for the target group. In these menus the content and bioavailability of iron, zinc, and vitamin A are enhanced, but they do not have substantial changes in the types and quantities of food items commonly consumed. Hence, the modified menus should be based on the energy content of the meals calculated from the food intake data of the target group, together with combinations of local foods optimized to enhance the content and bioavailability of iron, zinc, and vitamin A. The portion sizes should be within the first and third quartiles of those actually consumed, as described in Ferguson et al. [56] . An example of a modified menu devised for children in rural southern Malawi is shown in table 3. It incorporates the following strategies: changes in the portion sizes and the types of relishes (e.g., small fish, okra, legumes, and small fish plus pumpkin leaves); consumption of boiled groundnuts for snacks to enhance non-haem iron, zinc, and fat content; use of nsima and porridge prepared from soaked, pounded, unrefined maize flour with a reduced phytate content; addition of fresh chopped tomatoes to relish to improve nonhaem iron absorption; addition of groundnut flour to pumpkin leaf relish to increase the fat content and thus the absorption of carotenoids; use of pumpkin and pumpkin leaf relish in food-plenty seasons to enhance the content of provitamin A carotenoids and the zinc content of the menu; and inclusion of mango in the food-shortage season to enhance the content of provitamin A carotenoids. Table 4 compares the nutrient and antinutrient content of these modified menus, calculated from our Malawian food-composition database, with the corresponding actual intakes for children in rural southern Malawi. The WorldFood Dietary Assessment [54] could also be used to perform these calculations.
The results shown in table 4 confirm that our dietary modifications and diversifications proposed in the modified menus markedly reduced the phytate:zinc molar ratios of the Malawian diets while simultaneously increasing their content of other limiting nutrients, such as protein, calcium, and riboflavin. Dietary strategies to combat deficiencies of iron, zinc, and vitamin A Testing the feasibility and acceptability of the proposed dietary strategies in the community using a participatory approach
Despite the potential enhancement in the content and bioavailability of iron, zinc, and vitamin A, as well as other limiting nutrients such as calcium and riboflavin, adoption of the menus incorporating these dietary strategies could potentially have some negative consequences in terms of increasing the cost, preparation and cooking times, or risk of contamination by microbial pathogens, or altering the organoleptic qualities of the overall diets. Consequently, the feasibility and acceptability of the proposed dietary strategies must be tested in the communities, in an effort to identify any negative consequences and potential barriers to their adoption by rural families. A participatory approach should be used to assess the acceptability of the newly developed recipes and menus to the caregivers and to modify them, where necessary, in an effort to enhance their adoption and sustainability, as recommended by Shrimpton [61] . The approach focuses on building relationships with the community and involving them in the design, implementation, and monitoring and evaluation processes. Details on how to train people in participatory methods are described by Pretty et al. [62] . Methods aimed to strengthen the leadership abilities of community women include the Cornell Modified Community-Based Nutrition Monitoring [63] and the Appreciation-Influence-Control Process [64] .
In our studies in Malawi, the participatory research process began with the formulation of an organizational structure for community participation and ownership at the national, regional, district, and programme area levels, as described earlier [65] . A series of workshops was held in the communities to mark the beginning of each dietary intervention strategy. District officers and field staff representing the ministries of health, agriculture, and community development, a nongovernmental organization, community leaders, and health club members (both male and female) were invited to attend the workshops, which were planned by a team of specialists in home economics, agriculture, food and nutrition, psychology, rural extension, and community nutrition. For the Malawian interventions on children aged three to seven years and weanlings, the workshops emphasized maize processing to reduce the phytate content of maize flour, use of enriched porridges to enhance micronutrient density, frequency of feeding (for weanlings and young children), and meal planning. For the weanling intervention, a workshop was also organized on the preparation of thick porridges with amylase-rich flours added to enhance their energy and nutrient density by reducing their viscosity to a consistency suitable for infant feeding without the addition of water.
After the workshops, the designated community leaders held demonstrations to teach small groups about the intervention strategies. During each demonstration, the purpose was described, the process was demonstrated, and a meal was prepared. Caregivers were given samples to taste and were interviewed individually on the organoleptic qualities and perceived barriers to acceptance.
Implementing, monitoring, and evaluating the dietary strategies in the community
Once consensus has been reached in the community on the feasibility and acceptability of incorporating the dietary strategies into local recipes and menus, the final steps involve designing nutrition education messages and social marketing strategies for implementing the strategies, as well as selecting appropriate indicators for monitoring their progress and evaluating their impact on micronutrient nutriture. Social marketing has been used extensively for promoting the consumption of vitamin A-rich foods in several developing countries [21, 66, 67] , but its use in implementing dietary strategies for enhancing iron and zinc nutriture is more limited.
Implementing the dietary strategies in the community
For studies on weanlings and children in Malawi, the messages were taught to households by the local research team during face-to-face home-counselling visits and later promoted by social marketing techniques such as drama and music through village bands, drama groups, and community events such as festivals and competitions. To implement the strategies in the weanling study, trials of improved practices procedures were used [68] . In other countries, such as Thailand, school-based nutrition education campaigns have been used to promote health and nutrition messages and to enhance the micronutrient content of school lunch programmes [24] . Radio broadcasts have also been extensively used for promotional messages designed to increase community awareness of the prevention of micronutrient malnutrition, its causes, and its consequences [67] .
Monitoring the progress and evaluating the impact of the dietary strategies
Throughout the implementation of the intervention, process indicators should be used to assess whether the dietary strategies are actually being delivered as planned (i.e., whether they are reaching the intended target group and in the appropriate amounts), and where adjustments may be needed. Tables 5 and 6 present examples of process indicators that can be used to monitor input activities and outputs in dietary diversification and modification programmes. A detailed review of methods for monitoring and evaluating vitamin A programmes, including those based on dietary strategies, is given elsewhere [69] .
The final phase is to evaluate the impact of the programme, using appropriate outcome indicators. It is critical that the outcome indicators selected are realistic in relation to their ability to respond over the range of improvement expected, the time frame of the intervention, and the characteristic of the target group (e.g., severity of micronutrient malnutrition). Selection of the outcome indicators should also take into account the presence of possible confounders, feasibility, the cost of collection, and the interpretation of the data [70] .
For short-term dietary diversification and modification programmes, assessment of changes in knowledge and practices, food-related behaviour, food consumption patterns, and intake of micronutrients and antinutrients is more realistic and achievable than measurement of impact based on biological indicators of iron, zinc, and vitamin A status. The surveys on knowledge and practices and food-related behaviour are based on pre-tested questionnaires, which should be conducted at baseline and post-intervention, sometimes on a representative subsample of the target group. They can be used to ascertain why a programme may not have had any impact. To evaluate the impact of the dietary strategies in relation to changes in micronutrient adequacy, micronutrient intakes at baseline and postintervention should be compared with the estimated physiological requirements set by the Food and Agricultural Organization (FAO) and the World Health Organization (WHO) [59, 60] , taking into account the bioavailability of the micronutrients in the local diets. When the WorldFood Dietary Assessment System is used, intakes of available iron and zinc, based on the algorithms developed by Murphy et al. [71] , are calculated by the computer programme.
Biological indicators may be a combination of biochemical, functional, and clinical indices of iron, zinc, and vitamin A status; the choice depends on factors such as performance (sensitivity, specificity, and predictive value), cultural acceptability, technical feasibility, and cost. Clinical indicators are most useful during the advanced stages of deficiency, when overt signs and symptoms of micronutrient deficiencies exist. Unfortunately, biological indicators are often affected by biological and technical factors other than depleted stores of the micronutrients, which may confound the interpretation of the results. The effects of these confounding factors can be minimized or eliminated by standardizing the sampling and collection procedures for the biological samples (blood, hair, or urine) by an Dietary strategies to combat deficiencies of iron, zinc, and vitamin A appropriate evaluation design and, in some cases, by measuring the confounding factors concomitantly (e.g., infection) so that they can be taken into account in the statistical analysis. For all indicators, standardized methodology, calibrated equipment, and trained research assistants must be used. For community-based studies, examples of biochemical indices for iron include comparison of the haemoglobin distribution curve of the target population with that of a healthy reference population [72] and changes in serum ferritin or zinc protoporphyrin values preand post-intervention, in association with haemoglobin values. For vitamin A, changes in serum or breastmilk retinol content (sometimes expressed in relation to breastmilk fat concentrations) are often measured. A new test that measures the endogenous fluorescence of vitamin A in combination with retinol-binding protein (holo-RBP) has recently been developed. For zinc, measurements of plasma or hair zinc concentrations are the most useful indices at the present time [73] .
Functional indices of iron status include the assessment of immune competence and possibly work capacity in adults. For zinc, assessment of growth and body composition, possibly the dual sugar permeability test using lactulose and mannitol for measuring intestinal permeability, and illness-related indicators, such as the number and duration of acute or chronic diarrhoeal episodes and upper and lower respiratory infections, have been used. Several functional indices specific for vitamin A have been developed. These include assessment of rapid dark adaptation time, vision restoration time, and conjunctival impression cytology, with and without transfer. A new pupillary dark adaptation test that can be used to screen populations for night-blindness also holds promise [73] . In longterm intervention studies involving large sample sizes, changes in mortality rates among infants and one-to three-year-olds may be used as outcome indicators.
Evaluation of biochemical and functional indices of micronutrient status may involve comparing the prevalence of persons with values below designated cut-off values, pre-and post-intervention, and/or between the intervention and a control group, as well as changes in the distribution of the indices in the target population pre-and post-intervention and/or between the intervention and a control group. For physiological functional indicators that do not have established cut-off points, comparison of changes in the distribution of the indices pre-and post-intervention is often the only method available.
Conclusions
Dietary diversification and modification strategies are available for improving simultaneously the iron, zinc, and vitamin A nutriture of rural populations in developing countries who consume predominantly plantbased diets. The strategies can be adapted to local conditions and readily incorporated into existing local recipes and menus, without increasing the cost of meals, their preparation or cooking time, or the workload of the caregivers. Implementation of the strategies must be undertaken by using a participatory approach to ensure that they are feasible and acceptable to caregivers in the local communities, and thus sustainable. Ongoing nutrition education and social marketing efforts are required to enhance the adoption of the dietary strategies and to empower the community to sustain them. Finally, the progress of the dietary strategies should be monitored and their impact evaluated by both qualitative and quantitative methods. First, changes in knowledge and practices of the caregivers can be evaluated and changes in dietary intakes can be assessed pre-and post-intervention, between the intervention and a control group, or both. For longer-term programmes, their impact can be evaluated by biological indicators that may include biochemical and functional indices of micronutrient status.
